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Abstract.  The thermotolerant methylotroph Bacillus  sp. 
C 1 possesses a novel NAD-dependent methanol dehydro- 
genase (MDH), with distinct structural and mechanistic 
properties.  During  growth  on  methanol and  ethanol, 
MDH was responsible for the oxidation of both these 
substrates. MDH activity in cells grown on methanol or 
glucose was inversely related to the growth rate. Highest 
activity  levels  were  observed  in  cells  grown  on  the 
Ct-substrates methanol and formaldehyde. The affinity 
of MDH for alcohol substrates and NAD, as well as Vm~, 
are  strongly increased in  the  presence  of a  M r  50,000 
activator protein plus Mg2+-ions [Arfman et al.  (1991) 
J  Biol Chem 266:  3955-3960].  Under all growth condi- 
tions tested the cells contained an approximately 18-fold 
molar excess  of (decameric) MDH  over  (dimeric)  acti- 
vator protein. Expression of hexulose-6-phosphate syn- 
thase  (HPS),  the key enzyme of the  RuMP cycle,  was 
probably induced by the substrate formaldehyde. Cells 
with high MDH and low HPS activity levels immediately 
accumulated  (toxic)  formaldehyde when  exposed  to  a 
transient increase in methanol concentration. Similarly, 
cells with high MDH and low CoA-linked NAD-depen- 
dent  acetaldehyde  dehydrogenase  activity  levels  pro- 
duced acetaldehyde when subjected to a rise in ethanol 
concentration. Problems frequently observed in establis- 
hing cultures of methylotrophic bacilli on methanol- or 
ethanol-containing media are (in part) assigned to these 
phenomena. 
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In recent years several thermotolerant Bacillus  strains, 
capable of growth on methanol as a sole source of  carbon 
and energy, have been isolated and characterized (Dijk- 
huizen et al. 1988; A1-Awadhi et al. 1988, 1989; Schendel 
et al.  1990; Govorukhina et al.  1991). Carbon assimila- 
tion in these organisms proceeds via the RuMP cycle of 
formaldehyde fixation (Arfman et al.  1989). Hexulose- 
6-phosphate  synthase  (HPS),  the  key  enzyme  of the 
RuMP cycle, has been purified and characterized from 
the  methylotrophic Bacillus  strain  C1  (Arfman  et  al. 
1990). 
Gram-negative methylotrophic bacteria without ex- 
ception  employ  a  periplasmic  quinoprotein  methanol 
dehydrogenase (EC 1.1.99.8)  for the  oxidation of me- 
thanol  (Anthony 1982). In contrast, the conversion of 
methanol to formaldehyde in the methylotrophic bacilli 
is  catalyzed by a  novel,  cytoplasmic, NAD-dependent 
methanol dehydrogenase (MDH; Arfman et al.  1989). 
MDH from Bacillus  strain C1  oxidizes C1-C  4 primary 
alcohols as well as 1,3-propanediol, but is clearly different 
from general NAD-dependent alcohol dehydrogenases 
(EC 1.1.1.1), based on its unique structural-, kinetic-, and 
mechanistic properties.  MDH  consists  of ten identical 
subunits of M r 43,000, each of which contains a strongly, 
but non-covalently, bound NAD(H) as well  as  1 Zn  z+ 
and  1-2 MgZ+-ions  (Vonck et al.  1991; Arfman et al. 
1991a, b; J6rnvall et al. 1987). The affinities of MDH for 
alcohol substrates and exogenous NAD, as well  as the 
Vm,x values, are strongly increased by a soluble Mr 50,000 
activator protein (consisting of two Mr 27,000 subunits) 
in the presence of Mg  2  +-ions. Due to dilution sensitivity 
of this activator function, MDH activity in crude extracts 
is not proportional with respect to protein concentration 
(Arfman et al. 1989). In contrast, formaldehyde reductase 
activity (MDH  activity in the reverse  direction) is  not 
affected by the activator protein (and Mg  2  +). 
During growth of Bacillus strain C1 at a low dilution 
rate in a methanol-limited continuous culture, the cells 
possess an approximate 18-fold molar excess of decame- 
ric MDH over dimeric activator protein (Arfman et al. 
1991a).  This  MDH/activator  protein  ratio,  although 
determined only for a  single growth condition, implied 
that either a minority of the MDH molecules in vivo is 273 
activated,  or  that  the  activator  protein  is  capable  of 
stimulating a multiple number of MDH  molecules. This 
question, as well as  the effect  of growth  conditions on 
the activity levels of MDH,  activator protein and HPS 
in Bacillus  strain  C1,  are  dealt  with  in  this  paper.  In 
addition,  the  roles  of  MDH  and  CoA-linked,  NAD- 
dependent aldehyde dehydrogenase  (A1DH) in ethanol 
metabolism of Bacillus  strain C1  are investigated. 
Materials and methods 
Bacterial strains and growth conditions 
Bacillus sp.  strain C1  (NCIMB  13114) and its  maintenance has 
been described before  (Dijkhuizen et al. 1988; Arfman et al. 1992, 
in preparation). Batch cultivation  was performed at 50 °C (Dijkhui- 
zen et al. 1988; Arfman et al. 1989) on methanol (50 mM), glucose 
(10raM)  or  ethanol  (25 mM).  Unless stated  otherwise,  cultures 
were  always  inoculated with cells growing exponentially on the 
same media. Batch  cultures with mixtures of methanol (25 mM) 
and glucose  (5 raM) were inoculated with glucose-pregrown  celIs 
or methanol-pregrown cells. The organism was grown in a chemo- 
stat culture on the  mineral medium described  by Levering  et al. 
(1981). The following substrate limitations  were applied: methanol, 
SR(methanol) =  50 mM; glucose, S~(glucose) =  10 mM; formalde- 
hyde, Sa(formaldehyde)  =  50 mM; ethanol, Sa(ethanol)  =  25 mM; 
oxygen, SR(methanol) =  100 raM; nitrogen, SR(glucose) =  10 raM. 
For nitrogen-limited cultivation, the (NH4)2SO4 concentration in 
the mineral medium was reduced from  11.3 mM to 1 mM and the 
dissolved oxygen tension was maintained above 60% air saturation. 
For  oxygen-limited  growth,  the  methanol  input  was  doubled 
(100 mM)  and the  air  supply was  decreased  until the  dissolved 
oxygen concentration was too low to be detected  (< 5 ~M). This 
resulted in cellular dry weight levels comparable to those obtained 
under methanol limitation on 50 mM methanol. Under conditions 
of oxygen- and nitrogen limitation, at least  30 mM methanol or 
2 mM glucose were present in the culture supernatants, respectively. 
Formaldehyde-limited  continuous cultures were established by first 
growing the organism under methanol limitation (50 mM methanol) 
at D  =  0.1 h -1. Once the culture had reached  a steady state,  the 
medium reservior  was  replaced  by one containing formaldehyde 
(50 mM formaldehyde)  only. 
Preparation  of extracts 
Cells were harvested  by centrifugation at 3,800 ×g for  10 min at 
4 °C, washed twice and resuspended in 50 mM potassium phosphate 
buffer,  pH 7.5, containing 5 mM MgSO4 and 5 mM DTT. Cells 
were disrupted by passage through a French pressure cell operating 
at 1.4 x 105 kN/m  2. The viscosity of the extracts  was decreased by 
addition  of  a  crystal  of  DNasel.  Cell  debris  was  removed  by 
centrifugation for  30 rain at 25,000 x g at 4 °C. This step resulted 
in complete  loss of NADH oxidase activity. 
Enzyme assays 
Enzyme activities were measured spectrophotometrically by moni- 
toring the production or disappearance of NADH or NADPH at 
340 nm (Hitachi model 100-60 spectrophotometer).  Unless stated 
otherwise,  the assays were performed at 50 °C, using prewarmed 
buffer solutions. MDH activity was measured as NADH-dependent 
formaldehyde  reductase  activity  (MDH  activity  in  the  reverse 
direction).  Formaldehyde reductase  activity closely corresponds to 
MDH  activity,  provided that the  enzyme  is  fully  stimulated by 
activator  protein  (Arfman  et  al.  1991a).  Activities  of  form- 
aldehyde  reductase,  activator  protein,  hexulose-6-phosphate 
synthase (HPS) and NADP-dependent glucose-6-phosphate  dehy- 
drogenase  (G6Pdh,  EC 1.1.1.49)  were  measured  as  described 
previously  (Arfman  et  al.  1989, 1991a). CoA-linked  NAD- 
dependent aldehyde  dehydrogenase (A1DH, EC 1.2.1.10) activity 
was measured by monitoring the aldehyde  dependent production 
of  NADH  at  55°C.  The  reaction  mixture  (1 ml)  contained: 
glycine-KOH  buffer, pH 9.3, 100 gmol; 2-mercaptoethanol, 5 Ixmol; 
CoA,  200 nmol; NAD,  2 gmol;  A1DH-containing extract.  After 
temperature equilibration, the reaction was started with 10 gmol of 
the aldehyde to be tested, and initial reaction rates were recorded. 
Activities of activator protein and A1DH were determined in extracts 
from  which  MDH  had  previously been removed  (see below)  to 
avoid  interference  with  alcohol  dehydrogenase  and  aldehyde 
reductase  activities in these assays. 
One unit of enzyme activity is defined as the amount of protein 
catalyzing the conversion of one pmol of substrate per rain under 
the assay conditions described. One unit of stimulating activity of 
the activator protein is defined as the affinity constant of the MDH 
activation reaction, as determined from titration curves, and corre- 
sponds to 0.28 gg of the purified protein (Arfman et al. 1991a). 
Methanol and glucose-dependent  oxygen uptake rates of whole 
cells were determined polarographically,  using a Clark-type oxygen 
electrode (Biological Oxygen Monitor, Yellow Springs Instruments, 
Yellow Springs,  Ohio, USA). Whole cells rapidly lost respiratory 
activity. Therefore, cells were washed only once in 50 mM potassium 
phosphate buffer, pH 7.5, containing 5 mM MgSO4, and assayed 
immediately,  according  to  the  procedure  described  previously 
(Arfman et al. 1989). At 50 °C, 100% air saturation corresponds to 
0.187 mmol O2/I H20. Oxygen uptake rates are expressed in gmol 
0  2  " rain- 1 . mg- 1 protein (U/mg). 
Non-denaturing polyacrylamide gel electrophoresis  of extracts 
of methanol- and ethanol-grown  cells of Bacillus strain C1, followed 
by staining  for NAD-(in)dependent  alcohol dehydrogenase activity, 
was performed as described earlier, using phenazine methosulphate 
and nitrobluetetrazolium as artificial  electron  acceptors  (Arfman 
et aI.  1989). 
H ydrophobic  interaction  chromatography 
MDH was removed from Bacillus strain C1  extracts  by a  single 
hydrophobic interaction chromatography step. Extracts  were sup- 
plemented with (NH4)2SO4 to a final concentration of 1.0 M. After 
centrifugation (10rain,  18,000×g),  the  supernatants  (containing 
approximately 5 mg of protein) were applied to a Phenyl-Superose 
HR 5/5 hydrophobic interaction column, equilibrated with 50 mM 
Tris-HC1  buffer,  pH  7.5, containing 5 mM  MgSO~,  5 mM  2- 
mercaptoethanol (buffer A) plus 1.0 M  (NH4)2SO4, at a flow rate 
of 0.5 ml/min. Most  protein, including A1DH and the  activator 
protein, appeared in the flow through fraction, whereas MDH was 
eluted fi'om the column with buffer A without (NH4)2SO4. 
Kinetic analysis 
Kinetic analysis of A1DH was performed using MDH-free extracts 
of Bacillus strain  C1  cells,  grown  under  ethanol  limitation at 
D  =  0.1 h-1. Kinetic experiments were performed  under the same 
experimental  conditions as used for activity measurements.  Appa- 
rent K,, values were calculated from Eadie-Hofstee  plots of initial 
reaction  rates  versus  substrate  concentrations. The  affinities  of 
A1DH for NAD, acetaldehyde  and CoA were determined using the 
following  fixed concentrations of the  complementary substrates: 
NAD, 2 mM; CoA, 0.4 mM; acetaldehyde,  10 mM. 
Analysis 
Protein was determined according to the method of Bradford (1976), 
using Bio-Rad dye reagent and bovine serum albumin  as a standard. 
Formaldehyde and acetaldehyde  concentrations were determined 
using the method of Avigad (1983). Glucose concentrations were 
determined  with  the  GOD-Perid  Method  (Boehringer,  Mann- Results 
heim, FRG).  Dry weight of bacterial  suspensions was determined 
with a  Shimadzu TOC  500  carbon analyzer (infrared  analyzer). 
Carbon contents were multiplied by a factor 2 to obtain dry weight. 
Materials 
Formaldehyde was prepared from paraformaldehyde by incubating 
aqueous solutions in closed bottles at 110 °C for 10 h. 
1.00 
Growth  of Bacillus  strain  C1  on  methanol,  glucose  and 
formaldehyde  in continuous  culture 
The  effects  of  carbon  source  (C~-  or  multi-carbon 
substrates)  and  growth  rate  on  the  enzyme  profiles  in 
Bacillus strain C1 were studied by growing the organism 
in continuous culture  (Fig.  1; Table 1).  The cellular  dry 
weight of the cultures was highest at intermediate dilution 
rates  (D  =  0.2  to  0.3 h-~).  MDH  activity  was  demon- 
strated  in  cells  grown  in  the  presence  or  absence  of 
methanol,  under  conditions  of  carbon-,  oxygen-  (on 
methanol)  and  nitrogen  limitation  (on  glucose),  and 
generally decreased with increasing dilution rate  (Fig. 1; 
Table 1). Only in case of formaldehyde limitation, MDH 
acti,~ity  slightly  increased  between  D  =  0.05 h  ~  to 
D  =  0.3 h-~,  and  collapsed  upon  a  further increase  of 
the dilution rate to 0.4 h- ~. Highest MDH activities were 
observed in cells grown under methanol- or formaldehyde 
limitation;  activities  in  glucose-grown  cells  were  ap- 
proximately 2- to 6-fold lower.  MDH may constitute up 
to  38%  of  total  soluble  protein,  as  was  observed  in 
methanol-limited  cells grown at D  =  0.029 h- ~ [specific 
MDH  activity: 7.4 U  • rag- ~ of protein; specific activity 
of purified  MDH:  19.6 U  - mg -~  of protein  (Arfman  et 
al.  1989)]. 
The activator protein level, determined by titration of 
purified  MDH  with  MDH-free  extracts,  was  highest in 
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Fig. 1.  Effect of dilution rate on growth, enzyme composition and 
respiratory  activity  of  Bacillus  strain  C1  in  methanol-limited 
(SR =  50raM,  A,  B),  glucose-limited  (SR =  10raM,  C,  D)  and 
formaldehyde-limited  (SR =  50mM,  E,  F)  chemostat  cultures 
(50 °C,  pH  73).  A,  C  and E:  A, cellular  dry  weight;.,  residual 
concentration of methanol, glucose or formaldehyde,  respectively; 
e,  Qo2 (methanol);  A,  Qo2 (glucose);  B,  D  and F:  o,  MDH;  v, 
activator protein;  l, HPS; D, G6Pdh 275 
Table 1.  Activator/MDH ratios in  cells of 
Bacillus strain C1 grown under a variety of 
conditions in batch and continuous cultures 
Substrate  Limitation  g  MDH  Activator  Activator/MDH 
(h -~)  (U/mg) a  (U/mg) a  ratio 
Methanol  Methanol  0.05  6.4  110  17.2 
O. 1  4.8 b  96  20.0 
0.2  3.8 b  78  20.5 
0.39  2  35  17.5 
Methanol  0.52 (Jamax)  c  1.2  23  19.2 
Methanol  Oxygen  0.054  4.2  73  17.4 
0.45  2  48  24.0 
Glucose  Nitrogen  0.1  4.4  83  18.9 
Ethanol  Ethanol  0.1  2.5  48  19.2 
a Units of activity for MDH and activator protein are expressed differently (see 'Methods' 
section). The molar ratio of decameric MDH over dimeric activator protein  in methanol- 
limited ceils grown at D  = 0.05 h-t was estimated  at 17.5, based on purification  data of 
the two proteins  (Arfman et al. 1991a). 
b Specific MDH activities at D =  0.1  and 0.2 h  1 were estimated  by interpolation  of the 
MDH profile shown in Fig. 1  B 
° Batch culture. Cells were harvested in the mid-exponential  growth phase 
methanoMimited  cells  grown  at  low  dilution  rate,  and 
decreased  with  increasing  growth  rate  in  parallel  with 
the MDH activity (Fig.  1 A, B; Table 1). The ratio of the 
levels of activator protein over MDH activity, determined 
under nine different growth conditions, was found to be 
constant  (Table 1),  indicating  that  the  synthesis  of the 
two proteins is under coordinate control. 
HPS activity was present at comparable levels in cells 
grown under methanol- or formaldehyde-limitation, and 
increased dramatically with increasing dilution rate  (in- 
creasing standing  substrate concentration),  reaching le- 
vels  up  to  16U/mg  of  protein  (Fig. 1B, F).  Glucose- 
grown  cells,  on  the  other  hand  possessed  a  low,  con- 
stitutive HPS activity of 0.5 U/mg of protein  (Fig. 1 D). 
Cells  of  Bacillus  strain  C1,  grown  under  glucose 
limitation  in  continuous  cultures  at  low  dilution  rates 
thus  possess  a  relatively  low  HPS  activity  and  a  high 
MDH activity. A  similar situation occurs in cells grown 
on glucose in  batch culture  (Arfman et al.  1989).  This 
condition  is  potentially  harmful  to  the  organism  and 
transfer  of glucose-pregrown  cells  (batch)  to  standard 
methanol (50 mM) batch culture media generally resulted 
in accumulation of significant amounts of toxic formal- 
dehyde,  resulting  in  cell  death.  Growth  only  occurred 
when  formaldehyde accumulation was avoided by kee- 
ping  inoculum  densities  below  OD43o  values  of 0.005. 
Bacillus  strain  C1  was found  to  tolerate  formaldehyde 
concentrations  up  to  0.3mM.  Higher  formaldehyde 
Table 2.  Specific oxygen uptake rates (U/mg protein) of whole cells 
of Bacillus strain  C1  grown  on  methanol  (50 mM)  or  glucose 
(10 mM) and specific MDH activities  (U/mg protein)  in cell free 
extracts 
Growth condition  Substrate  oxidized: 
Methanol  Glucose  MDH 
Methanol  batch culture  0.88  nd  1.2 
Glucose batch culture  0.58  0.34  0.9 
Batch  culture  cells were  harvested  during  the  mid-exponentiai 
growth phase, nd: not determined 
levels are lethal  to  the  organism,  whereas  the  presence 
of formaldehyde at concentrations below 0.1 mM already 
significantly reduced  the  specific growth rate  (data not 
shown). 
Levels of G6Pdh activity were approximately 3-4 fold 
higher  in methanol-  or formaldehyde-limited cells than 
in  glucose-limited cells.  The  activity increased  with  in- 
creasing dilution rate, with a 2-fold difference in activity 
between the two extreme dilution rates  (Fig.  1 B, D  and 
F). 
Growth  of Bacillus strain  C1 on  (mixtures of)  methanol 
and glucose  in batch  culture 
Bacillus strain C1 grown on methanol (50 raM) or glucose 
(10 raM)  as  sole  carbon  and  energy  sources  displayed 
maximal specific growth rates of 0.52 h- 1 and 0.39 h- a, 
respectively.  Exhaustion  of the  substrate  resulted  in  a 
rapid decrease in respiratory activity of the cells, as well 
as a decline in cellular dry weight due to cell lysis. During 
exponential  growth  on  methanol,  the  methanol-depen- 
dent  oxygen  uptake  rate  was  relatively  high  (Table 2). 
This  activity was  slightly  lower in  glucose-grown  cells, 
but about twice as high as the glucose-dependent oxygen 
uptake rate. 
Regulation  of methanol  metabolism  was  studied  in 
more detail  by growing Bacillus  strain  C1  on mixtures 
of methanol and glucose.  Cells pregrown on methanol, 
after  transfer  to  the  mixed-substrate  culture  almost 
immediately  started  to  consume  methanol  (Fig. 2A). 
After  4-6h,  the  organism  started  utilizing  glucose, 
although  the  residual  methanol  concentration  was  still 
above  10 mM,  resulting  in  simultaneous  utilization  of 
both substrates. Throughout the mixed-substrate experi- 
ment, formaldehyde could not be detected in the culture 
supernatant.  MDH  activity  strongly  increased  after 
exhaustion  of  methanol,  whereas  HPS  activity  gra- 
dually decreased with decreasing methanol concentration 
(Fig. 2B). 
Transfer  of  glucose-pregrown  cells  to  the  mixed- 
substrate culture immediately resulted in the production 
of formaldehyde  (Fig. 2C),  which  caused  an  initial  re- 276 
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Fig. 2.  Growth of Bacillus strain C1 on a mixture 
of methanol (25 mM)  and  glucose (5 mM)  in 
batch culture. The organism was pregrown on 
methanol (A, B) or glucose (C, D). A, C: A, optical 
density (ODcso);., methanol concentration; <>, 
glucose concentration; +, formaldehyde  concen- 
tration; B, D: o, MDH; m, HPS 
tardation of  growth. Methanol consumption started after 
approximately 6 h, corresponding to the period required 
to  obtain maximal HPS  activity, resulting in  simulta- 
neous utilization of both substrates. At the end of the 
growth phase, HPS activity decreased sharply, probably 
due to exhaustion of the inducing metabolite, whereas 
MDH activity slightly increased under those conditions 
(Fig. 2D). 
Growth  of Bacillus  strain  C1  on  ethanol  in  batch  and 
chemostat culture 
Attempts to grow methanol- or glucose-pregrown cells 
of Bacillus strain C1 on ethanol in batch culture initially 
met with failure due  to  accumulation of acetaldehyde 
(1-2 raM), resulting in cell death. Further studies showed 
that  these  inoculum cells  possessed  excessive  ethanol 
oxidizing activity, compared to acetaldehyde metaboli- 
zing activity. The accumulation of acetaldehyde could 
be  avoided by using inoculum densities below  OD4s0 
values of 0.005, or by precultivating the cells on methanol 
or  glucose in  the  presence  of a  low  concentration of 
ethanol (1 mM) thus raising the intracellular activity of 
enzymes involved in acetaldehyde metabolism. Transfer 
of these  cells  to  batch  cultures  with  ethanol  mineral 
medium indeed resulted in growth, at a tXmax of 0.13 h-1 
The organism could also be grown on ethanol in conti- 
nuous culture, following a gradual transition of cells from 
methanol- to ethanol limiting conditions. 
Cells  of  Bacillus  strain  C1  grown  under  ethanol 
limitation in a chemostat (D  =  0.1 h- 1) possessed a high 
specific  MDH  activity (Table 1),  which  suggested that 
MDH  was  also  involved in  ethanol oxidation. NAD- 
dependent  alcohol  dehydrogenases  (ADH,  EC 1.1.1.1) 
involved in bacterial ethanol oxidation are generally not 
capable of oxidizing methanol (Sund and Theorell 1963; 
Br/ind6n et al. 1975). The presence of such an enzyme in 
extracts of ethanol-grown Bacillus strain C1 cells should 
therefore result in an increased ratio of ethanol/methanol 
oxidizing activity compared to the situation in methanol- 
grown  cells.  In  both  extracts,  however,  the  specific 
alcohol dehydrogenase activity with methanol was 33% 
of the activity with ethanol as a substrate. Furthermore, 
separation of the extracts  on polyacrylamide gels  and 
subsequent staining for NAD-(in)dependent ethanol de- 
hydrogenase activity, did not reveal additional band(s) 
with  extracts  from  ethanol-grown  cells  (results  not 
shown). This, and the observation that addtion of a pulse 
of ethanol to methanol-grown cells  immediately led to production  of acetaldehyde,  suggests  that  MDH  is  in- 
volved  in  both  the  oxidation  of methanol  to  formal- 
dehyde  and  the  oxidation  of ethanol  to  acetaldehyde 
during  growth  of Bacillus  strain  C1  on methanol  and 
ethanol, respectively. 
Extracts  of ethanol-grown  Bacillus  strain  C1  cells 
(from which MDH was previously separated) possessed 
high  levels  of  CoA-linked,  NAD-dependent  aldehyde 
dehydrogenase  (A1DH)  acitivity  (Table 3).  A1DH  ac- 
tivity was strictly dependent on the presence of NAD as 
well as CoA, and was stimulated by the presence of DTT 
or 2-mercaptoethanol. The apparent K m values of A1DH 
were  0.18 mM  for  acetaldehyde,  0.2 mM  for CoA  and 
0.48 mM  for NAD.  The specific acetaldehyde dehydro- 
genase activity was highest in ethanol batch culture cells, 
whereas methanol- and glucose-grown cells only posses- 
sed a relatively low level of A1DH activity (Table 3). This 
suggests  that  A1DH  synthesis is induced by ethanol  or 
acetaldehyde. These observations and the substrate speci- 
ficity of the enzyme  (Table 4) indicate that  A1DH does 
not play a role in methanol metabolism. Although MDH 
and  AIDH  oxidize n-propanol and  n-butanol,  and  the 
aldehydes derived, respectively, Bacillus  strain  C1  fails 
to grow on these alcohols. This was even the case under 
conditions  where accumulation of toxic aldehydes was 
avoided. 
Table 3.  Specific  acetaldehyde dehydrogenase activities (U/mg pro- 
tein) in extracts" of Bacillus strain  C1 cells, grown on methanol, 
ethanol and glucose in batch and continuous cultures 
Substrate  p  Limitation  A1DH  activity 
(h  1) 
Ethanol  0.13 (~max)  b  --  20.5 
Ethanol  0.10c  Ethanol  5.5 
Methanol  0.52 (gin,x)  b  -  0.25 
Methanol  0.10  c  Methanol  0.2-0.5 
Glucose  0.10  °  Nitrogen  0.2 
a MDH was removed from extracts via hydrophobic  interaction 
chromatography, thereby increasing the specific  acetaldehyde dehy- 
drogenase activity in the extract 1.3 to 1.5-fold 
b Batch cultures; cells  were harvested in the mid-exponential growth 
phase 
c Continuous cultures 
Table 4.  Substrate specificity of A1DH in extracts of Bacillus strain 
C1,  grown  under methanol  or ethanol  limitation  in  continuous 
culture at D =  0.1 h -1 (Table 3) 
Substrate  Relative activity (%) in extracts of 
Bacillus strain C1 cells grown on: 
Methanol  Ethanol 
Formaldehyde  15  14 
Acetaldehyde  78  95 
n-Propanal  100  100 
n-Butanai  71  77 
n-Pentanal  61  56 
n-Hexanal  47  48 
n-Octanal  24  33 
Benzaldehyde  0  0 
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Discussion 
During  growth  of Bacillus  strain  C1  under methanol-, 
glucose-,  or formaldehyde limitation,  the bacterial dry 
weights were markedly lowered at dilution rates below 
D  =  0.2 h- t  (Fig. 1). This is probably caused by death/- 
lysis  phenomena  resulting  from  carbon  and/or  energy 
starvation, as was  observed towards the end of growth 
in batch  culture. A  similar  behaviour was  reported for 
the related Bacillus strain NCIMB  12522  (A1-Awadhi et 
al.  1988). 
MDH (measured as formaldehyde reductase activity) 
is  inversely  related  to  the  growth  rate  and  further 
increased during growth on the Cl-substrates methanol 
and formaldehyde. Similar regulatory mechanisms were 
observed for quinoprotein MDH  (EC 1.1.99.8)  in gram- 
negative RuMP cycle and serine pathway methylotrophs 
(Roitsch and  Stolp  1985,  1986).  Ethanol-grown cells of 
Bacillus  strain  C1  also  contained  high  levels of MDH 
activity,  whereas  no  evidence  was  obtained  for  the 
presence of additional ADH isoenzymes. Hence, MDH 
is responsible for both  the  oxidation  of methanol  and 
ethanol during growth on these substrates. 
Earlier we reported that Bacillus strain C 1 cells, grown 
at  D  =  0.05 h -i  under  methanol  limitation,  possess 
(decameric) MDH  and  (dimeric) activator protein at a 
molar  ratio  of 17.5  (Vonck et  al.  1991;  Arfman  et  al. 
1991a). The present studies revealed that this ratio was 
constant under a variety of growth conditions, indicating 
that  synthesis  of the  two  proteins  is  under  coordinate 
control. The large difference in expression of MDH and 
activator  protein  raises  the  question  whether  only  a 
minority of MDH molecules in vivo is in the activated 
state. The actual MDH activity in vivo can be estimated 
in  cells  growing  exponentially  on  methanol  in  batch 
culture, where the  methanol  dependent  oxygen uptake 
rate (0.88 gmol 02 • rain- 1. mg- 1 protein) is presumably 
limited  by  MDH  activity  (MDH  activity,  when  fully 
activated:  1.2 ~mol - min - 1 •mg  ~  protein;  Table 2). 
Brooke et al.  (1990) have shown that the methanol and 
oxygen consumption rates are equivalent under methanol 
sufficient  growth  conditions.  Since  MDH  activity  is 
approximately 10-fold lower in the absence of activator 
protein  (Arfman et  al.  1991a),  the  results  indicate that 
the majority of MDH molecules in vivo must be in the 
activated  state  to  account  for  the  observed  methanol 
oxidation  rate.  The  combined  data  thus  imply  that  1 
molecule  of  dimeric  activator  protein  is  capable  of 
activating a multiple number of decameric MDH mole- 
cules. 
HPS  activity levels  were  highest  during  growth  of 
Bacillus  strain  C1  on methanol and formaldehyde, and 
increased  with  increasing  dilution  rates,  whereas  the 
activity was  low  and  not  affected by  the  growth  rate 
during growth on glucose. These data suggest that HPS 
synthesis is induced by formaldehyde. Formaldehyde has 
been identified unambiguously as the inducer molecule 
for HPS in the gram-positive methylotroph Arthrobacter 
strain  P1  (Levering  et  al.  1985).  Due  to  the  non- 
coordinate  expression  of MDH  and  HPS  activities  in 
Bacillus strain C1, cells may simultaneously contain high 278 
MDH and low HPS activities  (e.g.  during methanol-or 
glucose-limited growth at low dilution rate in continuous 
cultures;  Fig. 1).  Exposure  of such  cells  to  a  transient 
increase in methanol concentration immediately results 
in lethal levels of formaldehyde (> 0.3 mM). 
Methylotrophic  microorganisms  are  generally  sen- 
sitive to the level  of methanol in  the  environment,  due 
to  the  high  toxicity  of  the  intermediary  metabolite 
formaldehyde.  Gram-negative  methylotrophs  and  me- 
thylotrophic  yeasts,  however,  are  protected  to  some 
extent  against  formaldehyde,  by compartmentalization 
of quinoprotein MDH and alcohol oxidase in the peri- 
plasm  and  peroxisomes,  respectively.  In  addition,  in 
methylotrophic yeasts reduced glutathione rapidly reacts 
with free formaldehyde present in the cytoplasm, offering 
further  protection.  Bacilli,  however,  do  not  posses  a 
periplasmic space and the presence of GSH has thus far 
not  been  reported.  Furthermore,  Bacillus  strain  C1 
oxidizes  formaldehyde  by  means  of  the  dissimilatory 
RuMP cycle,  as  indicated  by the  absence  of NAD(P)- 
(in)dependent formaldehyde and formate dehydrogena- 
ses  and  the  presence  of G6Pdh  and  NADP-linked  6- 
phosphogluconate dehydrogenase  (Arfman et al.  1989; 
Anthony 1982). The levels of G6Pdh activity were 3- to 
5-fold higher in methanol- or formaldehyde-grown cells 
than in glucose-grown cells.  HPS thus is the key enzyme 
in  formaldehyde dissimilation  and  assimilation  in  me- 
thanol-utilizing bacilli. Formaldehyde accumulation may 
be  avoided by synthesizing high levels  of this  enzyme. 
Similarly,  cells  of Bacillus  strain  C1  grown on ethanol 
invariably accumulated acetaldehyde when possessing a 
low level  of CoA-linked NAD-dependent acetaldehyde 
dehydrogenase activity. Establishment of batch cultures 
of thermotolerant methylotrophic bacilli on methanol or 
ethanol as a  sole source of carbon and energy was often 
fraught with difficulties  (Dijkhuizen et al.  1988; Brooke 
et  al.  1990;  A1-Awadhi et  al.  1988).  The  batch  culture 
and chemostat culture experiments reported indicate that 
these problems may result  from decreased cell viability 
(culture age) as well as formaldehyde and acetaldehyde 
toxification, due to an unbalanced cellular enzyme com- 
position. 
Acknowledgements.  The research was carried out in the framework 
of contract  No.  BAP-0267-NL of the Biotechnology Action Pro- 
gramme of the Commission of the European Communities and the 
Programme Committee for Industrial Biotechnology (The Nether- 
lands). Thanks are due to Prof. W. Harder for stimulating discus- 
sions. 
References 
A1-Awadhi N, Egli T, Hamer G (1988) Growth characteristics of a 
thermotolerant  methylotrophic Bacillus sp. (NCIMB 12522) in 
batch culture. Appl Microbiol Biotechnol 29:485-493 
A1-Awadhi N, Egli T, Hamer G, Wehrli E  (1989) Thermotolerant 
and thermophilic solvent-utilizing methylotrophic aerobic bac- 
teria. Syst Appl Microbiol 11:207-216 
Anthony C (1982) The biochemistry of methylotrophs. Academic 
Press, London 
Arfman N,  Watling EM,  Clement  W,  Oosterwijk RJ van,  Vries 
GE de,  Harder W,  AttwoodMM,  Dijkhuizen L  (1989) Me- 
thanol  metabolism in thermotolerant  methylotrophic  Bacillus 
strains involving a novel catabolic NAD-dependent methanol 
dehydrogenase as a key enzyme.  Arch Microbiol 152: 280-288 
Arfman N,  Bystrykh LV,  Govorukhina NI,  Dijkhuizen L  (1990) 
3-Hexulose-6-phosphate synthase from the thermotolerant me- 
thylotroph  Bacillus sp. C1. Methods Enzymol 188:39t-397 
Arfman N, Beeumen J van, Vries GE de, Harder W, Dijkhuizen L 
(1991 a) Purification and characterization of  an activator protein 
for methanol dehydrogenase from thermotolerant Bacillus spp. 
J Biol Chem 266:3955-3960 
Arfman N,  Frank J,  Bystrykh LV,  Govorukhina NI,  Hektor H  J, 
Dijkhuizen L (1991  b) Kinetic properties of a novel NAD  (H)- 
containing methanol dehydrogenase from thermotolerant  Ba- 
cillus spp. : involvement of a M  r 50,000 activator protein, NAD 
and Mg  2+. (in preparation) 
Arfman N,  Dijkhuizen L,  KirchhofG,  Ludwig  W,  Schleifer K-H, 
Bulygina ES, Govorukhina NI, Chumakov KM, Trotsenko YA, 
White D, Sharp R (1992) Bacillus methanolicus  sp. nov., a new 
species of  thermotolerant methanol-utilizing endospore-forming 
bacteria. Int J Syst Bacteriol (in press) 
Avigad G  (1983) A  simple spectrophotometric  determination  of 
formaldehyde and  other  aldehydes: application  to periodate- 
oxidized glycol systems. Anal Biochem 134:499-504 
Bradford MM (1976) A rapid and sensitive method for the quantita- 
tion of microgram quantities of protein utilizing the principle 
of protein-dye binding. Anal Biochem 72:248-254 
Br/ind~n CI,  J6rnvall H,  Eklund H,  Furugren B  (1975) Alcohol 
dehydrogenases. In: Boyer PD (ed) The enzymes, 3rd edn, vol 
11A. Academic Press, New York, pp 103-190 
Brooke AG, Attwood MM, Tempest DW (1990) Metabolic fluxes 
during growth of  thermotolerant methylotrophic Bacillus strains 
in methanol-sufficient chemostat cultures. Arch Microbiol 153: 
591  595 
Dijkhuizen L, Arfman N, Attwood MM,  Brooke AG,  Harder W, 
Watling EM  (1988) Isolation  and  initial characterization  of 
thermotolerant methylotrophic Bacillus strains. FEMS Microbi- 
ol Lett 52:209-214 
Govorukhina NI, Trotsenko YA, Suzina NE,  Bulygina AS, Chu- 
makov  KM  (1992) Isolation  and  characterization  of thermo- 
tolerant methylotrophic bacilli. Microbiologya (in Russian) (in 
press) 
J6rnvall H, Persson B, Jeffery J (1987) Characteristics of alcohol/- 
polyol dehydrogenases. Eur J Biochem 167:195-201 
Levering PR, Dijken JP van, Veenhuis M, Harder W (1981) Arth- 
robacter PI, a fast growing versatile methylotroph with amine 
oxidase as a key enzyme  in the metabolism ofmethylated amines. 
Arch Microbiol 129:72-80 
Levering PR,  Croes LM, Dijkhuizen L  (1985) Regulation  of me- 
thylamine and  formaldehyde metabolism in Arthrobacter  P1. 
Formaldehyde is  the inducing signal for the  synthesis of the 
RuMP cycle enzyme hexulose phosphate  synthase. Arch Mi- 
crobiol 144:272  278 
Roitsch T, Stolp H  (1985) Overproduction of methanol dehydro- 
genase  in  glucose grown  cells of  a  restricted RuMP  type 
methylotroph. Arch Microbiol 142:34-39 
Roitsch T,  Stolp  H  (1986) Synthesis of dissimilatory enzymes of 
serine type methylotrophs  under  different growth conditions. 
Arch Microbiol 144:245-247 
Schendel F  J,  Bremmon CE,  Flickinger MC,  Guettler M,  Han- 
son RS  (1990) L-Lysine production  at 50 °C by mutants  of a 
newly isolated and  characterized methylotrophic  Bacillus  sp. 
Appl. Environ Microbiol 56:963-970 
Sund H, Theorell H (1963) Alcohol dehydrogenases. In: Boyer PD, 
Lardy H,  Myrbfick K  (eds) The  enzymes, 2nd  edn, vol  7A. 
Academic Press, New York, pp 25-83 
Vonck J,  Arfman N,  Vries  GE de,  Beeumen  J van,  Bruggen 
EFJ van, Dijkhuizen L (1991) Electron microscopic analysis and 
biochemical characterization  of a  novel methanol  dehydro- 
genase from the thermotolerant  Bacillus  sp.  C1. J Biol Chem 
266:3949  3954 